BACKGROUND: b-Adrenergic receptor sympathetic nervous system (b-AR SNS) support of resting metabolic rate (RMR) is attenuated with older age, female sex, and a sedentary lifestyle. Total and abdominal adiposity and/or body fat pattern modulate some SNS-mediated physiological functions. OBJECTIVE: To determine if total and abdominal adiposity and/or body fat distribution are independently related to SNS support of RMR. DESIGN: Cross-sectional comparison of b-AR SNS support of RMR. SUBJECTS: A total of 54 healthy male and female subjects aged 18-75 y. MEASUREMENTS: RMR (ventilated hood, indirect calorimetry) before (baseline) and during complete b-AR blockade; body composition by dual energy X-ray absorptiometry. RESULTS: Forward stepwise multiple regression analysis using sex, exercise status, age group, %body fat, total adiposity, abdominal adiposity, and the ratio of abdominal adiposity to hip adiposity as variables revealed sex to be the strongest predictor, explaining 21% of the variability in b-AR SNS support of RMR (P ¼ 0.0006). Age group explained an additional 4% and exercise status a further 4% (both P ¼ 0.10). %Body fat, total adiposity, abdominal adiposity, and the ratio of abdominal adiposity to hip adiposity did not enter the equation. CONCLUSION: Total and abdominal adiposity and body fat pattern are not independent physiological determinants of b-AR SNS support of RMR among healthy men and women. Moreover, further support is provided for our previous finding of attenuated b-AR SNS support of RMR with age, female sex, and sedentary lifestyle.
Introduction
Resting metabolic rate (RMR) is the largest determinant of daily energy expenditure 1 and thus plays a critical role in the regulation of energy balance and weight control. As such, the physiological mechanisms involved in the regulation of RMR have considerable biological and clinical significance. Recently, we demonstrated that the sympathetic nervous system tonically stimulates metabolic rate via the b-adrenergic receptor pathway (b-AR SNS) in healthy young adults. 2 We also established that this tonic b-AR SNS 'support' of RMR is attenuated with older age, female sex, and a sedentary lifestyle. 3 SNS-mediated physiological functions may be modulated by total and abdominal adiposity, and body fat pattern. [4] [5] [6] For example, increases in heart rate and blood flow to adipose tissue induced by b-AR stimulation are attenuated with increasing total body fat. 7, 8 Moreover, skeletal muscle sympathetic nerve activity is directly related to abdominal adiposity independent of total body fat. 4 Because a chronic elevation in SNS stimulation can produce b-AR desensitization and downregulation, 9-11 the increase in SNS activity with increasing total and/or regional body fat, 4,12 could provide a mechanistic link between adiposity and attenuated b-AR SNS support of RMR. In our most recent study, 3 we reported that b-AR SNS support of RMR was inversely related to percent total body fat among individuals in the pooled subject sample. However, this was a simple correlation that did not account for the potentially confounding influences of other characteristics. As such, the negative relation may have been the result of the subject groups with the lowest b-AR SNS support of RMR (ie, older, female, and sedentary) also having the highest adiposity. Accordingly, we sought to determine if total body fat, abdominal adiposity, and/or body fat distribution are independent physiological determinants of b-AR SNS support of RMR among healthy adult humans. To do so, we performed a standard and forward stepwise multiple regression analysis on all subjects to determine the association between b-AR SNS support of RMR and age, sex, exercise status, %body fat, total adiposity, abdominal adiposity, and the ratio of abdominal adiposity to hip adiposity.
Methods
Subjects Data were retrospectively analyzed from studies completed on 54 healthy adults in our laboratory during the previous 3 y. 2, 3 Of the 54, 29 were young (18-35 y) and 25 were older (60-75 y); 25 were sedentary and 29 were regular exercisers (performed endurance exercise for a minimum of 40 min Z4 day per week and maximal oxygen uptake (VO 2max ) Z51 (young males), Z45 (young females), Z38 (older males), and Z32 ml/kg/min (older females)) and 29 were male and 25 were female subjects. All subjects were healthy as assessed by medical history and fasting plasma glucose and insulin concentrations. In addition, older subjects underwent a physical examination with resting ECG as well as ECG and blood pressure assessment during graded treadmill exercise to exhaustion. Subjects were nonsmokers and were not taking any regular medications. The nature, purpose, and risks of each of the studies were explained to each subject before written informed consent was obtained. All experimental protocols were approved by the Human Research Committee at the University of Colorado at Boulder and by the Colorado Multiple Institutional Review Board.
Experimental procedures RMR and b-AR SNS support of RMR were determined as previously described. 2, 3 All measurements were made in the morning after a 12-h fast and, in the habitually active subjects, after a 24-h abstention from exercise. Subjects were studied under quiet resting conditions in the semirecumbent position. Premenopausal female subjects were studied during the follicular phase of their menstrual cycle (days 1-10).
Measurements were performed between 0600 and 0900 in a dimly lit room at a comfortable temperature (B231C). RMR was measured before and during either systemic b-AR blockade or saline control in a randomized order. Subjects were instrumented for measurement of heart rate (ECG) and blood pressure (finger photoplethysmography, Finapres BP monitor, model 2300, Ohmeda, Englewood, CO, USA). A catheter was placed in an antecubital vein and was kept patent with a slow saline drip. After a 30-min rest period following instrumentation, baseline RMR was measured. The first 15 min were considered an habituation period after which oxygen consumption and carbon dioxide production were averaged each minute for 30 min using a ventilated hood indirect calorimetry system (DeltaTrac Metabolic Monitor, SensorMedics Corp., Yorba Linda, CA, USA). RMR was calculated from the average of the 30-min collection using the Weir formula. 13 The hood was then removed while an intravenous bolus was given of either propranolol or saline (0.25 mg/kg). After a 5-min habituation period, RMR was measured again during continuous infusion of propranolol or saline (0.004 mg/kg/min). Body mass was measured on a physician's scale. Total and abdominal adiposity, body fat distribution, and fat-free mass were measured using dual-energy X-ray absorptiometry (DXA-IQ; Lunar Radiation Corp., Madison, WI, USA; software version 4.1). Abdominal and hip segments were identified for regional analysis of abdominal adiposity and body fat distribution. [14] [15] [16] The ratio of abdominal fat mass to hip fat mass was used as the index of body fat distribution. VO 2max was measured during graded treadmill exercise using open-circuit spirometry as described previously. 17 
Statistical analyses
Based on the strong relation between RMR and fat-free mass (R 2 ¼ 0.71), RMR was adjusted for fat-free mass using analysis of covariance (ANCOVA). Standard and forward stepwise multiple regression analyses were performed using appropriate computer software (Statistica 4.1, StatSoft Inc., Tulsa, OK, USA). Age group, sex, exercise status, %body fat, total adiposity, abdominal adiposity, and the ratio of abdominal adiposity to hip adiposity were tested as potential independent predictors of b-AR SNS support of RMR. Age group was entered as a dichotomous variable (young or older) because although age is typically considered as a continuous variable, in this case our distribution of data was in two discrete groups separated by at least 30 y. Exercise status was also entered as a dichotomous variable (sedentary or regular exerciser) as a reflection of the nature in which subjects were recruited, that is, not with respect to a specific value for VO 2max but rather as a reflection of the amount of habitual endurance exercise performed. For the forward stepwise regression, the minimum F-value to enter was set at 0.15, based on previous literature. [18] [19] [20] [21] [22] All values are expressed as mean7s.e. unless otherwise indicated.
Results
Mean values and ranges of subject characteristics are presented in Table 1 . Age group, sex, exercise status, %body fat, total adiposity, abdominal adiposity, and the ratio of abdominal adiposity to hip adiposity were used as variables in a standard multiple regression equation to explain b-AR SNS support of RMR. This analysis revealed that age Finally, exercise status entered, explaining a further 4% of the variability (R 2 change ¼ 0.04, P ¼ 0.10). Again, youth, male sex, and participation in regular endurance exercise were positively associated with b-AR SNS support of RMR. %Body fat, total adiposity, abdominal adiposity, and the ratio of abdominal adiposity to hip adiposity did not enter the equation.
Discussion
The major new finding of this analysis is that total and abdominal adiposity, and/or body fat distribution do not appear to be independent physiological determinants of b-AR SNS support of RMR. Forward stepwise multiple regression analysis both extends and provides further statistical support of our previous work demonstrating that b-AR SNS support of RMR is attenuated with older age, female sex, and a sedentary lifestyle. 3 The present results also suggest that our earlier observation of a moderate negative correlation between b-AR SNS support of RMR and % body fat 3 was confounded by covariance among adiposity and these other factors. The lack of association between b-AR SNS support of RMR and adiposity and body fat pattern in the present analysis of our pooled subjects was not likely due to insufficient interindividual differences in either the change in RMR during b-AR blockade (range: À967 to 251 kJ/day) or in %body fat, abdominal adiposity, or abdominal: hip adiposity (range: 7.2-42.5, 8-44, and 0.23-1.16%, respectively). To our knowledge, only one other study has investigated the potential influence of adiposity on tonic b-AR SNS support of RMR. 23 In that investigation, the decrease in RMR during b-AR antagonism was positively associated (r ¼ 0.48, Po0.05) with abdomen-to-thigh ratio, an alternative marker of fat distribution. We can only speculate as to the reasons for these discrepant findings. The differences may be due in part to the fact that consistent b-AR SNS support of RMR could not be demonstrated among the subjects of this previous investigation. This may have been the result of incomplete b-AR blockade in that the dose of propranolol employed was less than 1/2 of that used in the present study. Complete b-AR blockade was achieved in our study as documented by: (1) lack of a response to b-AR stimulation (isoprenaline) following b-AR blockade; (2) plasma concentrations of propranolol 4100 ng/ml; 24 and (3) no further decrease in RMR with increased dose of propranolol. We should emphasize that there is evidence that the increase in metabolic rate in response to b-AR stimulation is smaller with increasing adiposity, 25, 26 as may be the increase in fat oxidation, 25, 27 heart rate, 8, 25 and blood flow to adipose tissue. 7 Chronically elevated sympathetic activity with increasing total 12, 28, 29 and abdominal 4,30 adiposity may reduce b-AR responsiveness due to desensitization of the b-AR signaling pathway [9] [10] [11] and explain these previous observations. However, tonic b-AR support of RMR is a function of both the magnitude of the stimulus (ie, basal sympathetic activity and norepinephrine release) and the responsiveness of the b-AR signaling cascade to this stimulus. Thus, tonic support of tissue function (in this case, RMR) can be maintained despite reduced tissue responsiveness by a chronically augmented stimulus. This may be the case with increased adiposity. An important limitation of the present study is its cross-sectional correlation design. Although our results clearly do not support an independent influence of adiposity on b-AR SNS support of RMR in healthy adults, results from an intervention study in which adiposity is altered while controlling for other influences could reveal an independent effect not discernable with the present approach.
In conclusion, the present results are consistent with the hypothesis that total and abdominal adiposity, and body fat pattern are not independent physiological determinants of b-AR SNS support of RMR among healthy adult humans. Our results also provide further support for our previous findings of attenuated b-AR SNS support of RMR with older age, female sex, and a sedentary lifestyle. Adiposity and sympathetic support of metabolism C Bell et al
